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SUMMARY 

Pressure measurements covering a range of wind velocities were made at 
one span location on the surface of an operating Mod-2, 2500-kW, wind turbine 
blade. The data, which were taken with and without vortex generators Installed 
on the leading edge, show the existence of higher pressure coefficients than 
would be expected from two-dimensional wind tunnel data. These high pressure 
ratios may be the result of three-dimensional flow over the blade, which delays 
flow separation. Data are presented showing the repetitiveness of abrupt 
changes In the pressure distribution that occur as the blade rotates. Calcu- 
lated values of suction and flap coefficients are also presented. 


INTR0DUC1 ION 

Experience has shown that the performance (l.e., output power as a func- 
tion of wind speed) of propeller-type wind turbine rotors operating In the 
fixed-pitch mode cannot be accurately predicted at high wind speeds (ref. 1). 
Computer codes, based on two-dimensional blade-element momentum theory, pre- 
dict that the rotor output power will Increase with wind speed until a peak Is 
reached, and then will drop off rapidly as the wind speed continues to rise. 

The codes make use of two-dimensional, wind tunnel measured lift and drag 
coefficients. This dropoff In power corresponds to the point at which the 
flow over elements along the blade starts to separate . Field measurements of 
performance show that the measured output closely follows prediction at low 
wind speeds. As the wind speed Increases, the power Increases beyond the pre- 
dicted peak. Rather than dropping off rapidly, the power continues to rise 
slowly or remains constant as the wind speed Increases further. Also, there 
Is a corresponding uncertainty In predicting dynamic blade loads In high winds, 
which has resulted In gross underpredictions. Except for gravitational and 
Inertial loads, all forces acting on the blade are a result of surface pres- 
sures and, to a minor extent, viscous forces acting on the blade surface. 

Several explanations have been proposed to account for the Inability of 
current codes to predict high-wind performance. One possibility Is that blade 
airfoil section properties are different In a steady-state, rotating flow field 
than In a rectilinear one. H. Hlmmelskamp (ref. 2) discovered through the 
measurement of chordwlse pressure distributions that the measured lift coeffi- 
cients are higher In a rotating field than one would expect from wind tunnel 
measurements. Not only Is stall delayed to much higher angles of attack, but 
stall Is also gentler. (His pressure distributions were measured at five 
radial stations on a ducted propeller.) Hlmmelskamp postulated that the span- 
wise secondary flow along the blade surface Inside the separated region was 
somehow responsible for the Increased lift. Spanwlse flow of this type has 
been observed In the separated region on the blades of the NASA/DOE 100-kW 


Mod-0 wind turbine (ref. 3). The addition of energy to the boundary layer 
through the use of vortex generators results In Increased lift and a delay In 
stall on aircraft wings. It Is possible that the spanwlse flow on the wind 
turbine blade supplies this additional energy to the boundary layer, thereby 
delaying stall and Increasing the lift coefficients to higher values than are 
presently being used In the computer codes. 

A second possibility Involves the validity of using lift and drag 
coefficients that have been measured in wind tunnels under steady-state, two- 
dimensional flow conditions. In actuality, wind turbines operate In a con- 
stantly changing three-dimensional flow field (l.e., unsteady and nonuniform). 
McCroskey and his colleagues have found that the section properties of air- 
foils operating In unsteady, three-dimensional flows can be significantly dif- 
ferent from those measured In steady, two-dimensional flows (ref. 4). This 
suggests that the difference may be a result of the constantly changing non- 
uniform flow field In which the wind turbines operate. 

The pressure distribution around the blade chord on an operating wind tur- 
bine rotor was measured to test these explanations. Ideally, the calculated 
lift coefficients obtained from this data could then be compared with data used 
In the performance codes to determine whether the values were significantly 
affected by the unsteady, three-dimensional flow environment. Conceivably, 
the pressure distributions could also be used to obtain a forcing function 
required for dynamic stress analysis. Therefore, a surface-pressure measure- 
ment system was developed and Installed on a Mod-2, 2500-kW, wind turbine 
(fig. 1). Some measurements recorded with this system were previously reported 
In reference 5. This report Includes the data presented In reference 5, 
together with data for the case where vortex generators were Installed on the 
blade surface. A discussion and comparison of the measured data to that 
predicted by one of the performance codes Is also presented. A description of 
the measurement system Is given In the appendix. 


DESCRIPTION OF APPARATUS AND TEST 

The blade surface-pressure measurement system was Installed on turbine 2 
In the cluster of three Mod-2 wind turbines located near Goldendale, Washing- 
ton. As shown In figure 1, the Mod-2 Is a two-bladed machine rated at 
2500 kW, using a 91 -m-dlameter rotor mounted upwind on a tower 61 m high. The 
turbine rotates at 17.5 rpm. In high winds, power Is controlled with pitch- 
able tip sections, each 13.7 m long. Except where noted, all surface pressure 
measurements were made In winds In which negligible tip movement occurred. 

The pressure distributions were measured by means of pressure taps con- 
tained In a belt around the fixed portion of the blade at a radius of 30 m, as 
shown schematically In figures 2 and 3. At this station the chord length Is 
approximately 2.4 m, and the airfoil approximates a NACA 23024 shape. Twenty- 
nine static surface pressures were measured around the blade chord. These 
pressures were fed to electronically scanned pressure sensors through 2.5- to 
5-m-long tubes with an Internal diameter of 1.3 mm. The tube length was 
dictated by the physical constraints of the Installation. 

Data acquisition was Initiated when appropriate wind conditions were 
observed. Upon command, the output of the 29 sensors was scanned and 
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digitized at a rate of 4500 sensors per second, taking 6.4 msec to measure a 
set of 29 pressures. During this time, the blade moved 0.67° or 0.35 m In the 
tangential direction at the 30-m span location. The data sets (each consist- 
ing of 29 pressures) were transmitted to a microprocessor at a rate of 9 sets 
per second. The scanning and digitizing cycle was repeated until 256 data 
sets were In memory. The microprocessor then formatted and downloaded the 
data to a tape recorder for storage. The process was then repeated on command 
for additional wind conditions. Reduction of data from the data tapes was 
accomplished at the NASA Lewis Research Center. 

The required fidelity of the pressure measurements depends on whether one 
Is looking for repetitive (revolution to revolution) or nonrepetltl ve pressure 
fluctuations. For nonrepetltl ve fluctuations, the frequency response of the 
tube/sensor combination Is the limiting factor. This response depends on the 
length and Internal diameter of the tubes connecting the static pressure taps 
to the sensors. Tests Indicated that the tube/sensor system responds to a step 
change In pressure somewhat like a first-order dynamic system with a time con- 
stant of less than 50 msec. This corresponds to a corner frequency of 40 Hz, 
which becomes the upper limit on frequency response for nonrepetltl ve pressure 
fluctuations. For repetitive fluctuations, the data set sampling rate Is the 
limiting factor. Thirty-one sets of pressures are recorded during each revo- 
lution. Based on a conservative requirement of at least 10 samples to reason- 
ably reproduce the highest frequency measured wave forms, the upper limit on 
frequency response Is estimated to be about 1 Hz for repetitive fluctuations. 

Together with these frequency response limits, the digitizing rate of the 
analog-to-dlgltal converter Introduces a time skew In each set of pressures, 
which affects the system fidelity. The time skew amounts to 6.4 msec between 
the first and the last pressure digitized In a given data set. The effect of 
time skew on measurement system fidelity Is considered small compared to fre- 
quency response limits. 


DATA ANALYSIS AND PROCESSING METHODOLOGY 

Theoretically, the lift and pressure drag coefficients can be analytically 
determined from pressure distribution measurements In conjunction with an angle 
of attack ( A0A) measurement. (Skin drag cannot be determined from pressure 
measurements.) However, It Is extremely difficult to make an accurate measure- 
ment of A0A because of the variable wind conditions and the need to measure an 
A0A simultaneously with each data set. The A0A would have to be measured with 
a probe mounted on the leading edge of the blade and located In the free stream 
ahead of the blade. No probe was available to measure A0A, and It appeared 
that development of a probe with the required accuracy could not be accom- 
plished In time for this test program. As an alternate procedure to comparing 
lift coefficients directly with wind tunnel measured coefficients, It was 
decided to plot surface pressure coefficients as a function of chord position. 
The shape of the plotted curves would then be compared with the shape of wind 
tunnel pressure distributions at angles of attack predicted by performance 
codes. Significant differences In the curve shapes would be an Indication 
that the pressure distributions around the blade were being affected by the 
rotational, unsteady flow environment. Rotor output power would be used as 
the common parameter In these comparisons. This procedure Is described In 
more detail In the subsection Comparison of Measured and Predicted Cp Curves. 
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The pressure coefficient Is defined In terms of the dynamic pressure, the 
total free-stream pressure, and the static pressure as follows: 


C p = 1 - [(P t - P S )/Q] (1) 

and 

0 = -f- (V 2 + r 2 ft 2 ) (2) 


In which 

Cp pressure coefficient 

total free-stream pressure, N/m 2 
P s static pressure, N/m 2 
Q dynamic pressure, N/m 2 
p air density, kg/m 3 
V wind speed at rotor plane, m/sec 
r radial distance to measurement station, 30 m 
Q rotor speed, 1.83 rad/sec 

Because the wind speed at the rotor plane was small In comparison with the 
blade tangential speed rft, It was neglected In the calculation of Q. The 
error In Q caused by neglecting the wind speed Is less than 4 percent for 
wind speeds less than 10 m/sec, which covers most of the data presented In 
this report. The mean air density during the tests was 1.04 kg/m 3 . With 
these parameters, equation (2) gives a value for Q of 1560 N/m 2 
(32.5 1 b/f t 2 ) , which was used In all calculations reported herein. 

As an alternative to the lift coefficient, suction and flap coefficients 
are useful In describing the aerodynamic forces acting on the blade. The suc- 
tion coefficient C s Is defined as the normalized component of total pres- 
sure force acting In the direction of the airfoil chord. The direction of 
C s Is parallel to the chord In the plane of rotation for a blade with a 0° 
pitch angle. The flap coefficient Cf Is defined as the normalized compon- 
ent of the pressure force acting perpendicular to the chord. Based on the 
coordinate system shown In figure 4, C$ and Cf are calculated from the 
following equations: 


c s ■ 2q £ , y Y 

c f .l EP)(x 


1+1 ' Y 1-1 J 

1 = 1 ,29 

(3) 

1+1 - x 1-l> 

1 = 1 29 

(4) 


In which 

P static pressure, N/m 2 

X, Y normalized blade coordinates (fractions of chord) 
1 Index of pressure taps 
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RtSULIS AND DISCUSSION 


Typical plots of C p measured during wind turbine operation are shown 
In figure 5. This data set was recorded when the blade was passing through 
the horizontal position, while the machine was generating 470 kW. Figure 5(a) 
shows Cp as a function of the chordwlse coordinate X. The upper curve Is 
data taken on the downwind side (low pressure or suction side) of the blade. 

The area between the curves Is proportional to Cf. A value of C p equal to 
1.0 occurs at a stagnation point on the airfoil, where the air velocity just 
outside the boundary layer Is zero. A zero value for C p Indicates that the 
velocity outside the boundary Is equal to free-stream velocity. Values of 
C p less than zero occur In regions where the velocity outside the boundary 
layer Is greater than the free-stream velocity. Figure 5(b) shows the same 
C p data plotted as a function of the flapwlse coordinate Y. The dashed line 
shows the data taken on the blade surface that faces the direction of rotation. 
The difference between the areas (1) and (2) Is proportional to C$. 

Surface pressures were measured during operation with and without vortex 
generators (VG's) Installed on the blade. Vortex generators are small tabs 
projecting normal to the downwind surface of the blade near the leading edge, 
as shown In figure 6. The purpose of these tabs Is to energize the low- 
pressure boundary layer. This delays separation of flow and permits operation 
of the airfoil at higher angles of attack before separation occurs. The loca- 
tions of the VG's and their measured effects on performance and blade loads 
are given In reference 6. 

Some unpublished wind tunnel data (from the Boeing Aerospace Corporation) 
showing the effects of VG's on the C p curves for a NACA 23024 airfoil are 
shown In figure 7. The Increase In peak C p values associated with the 
addition of the VG's to this airfoil Is very apparent when figures 7(a) 
and (b) are compared. The peak C p value with VG's Is almost twice the value 
without VG's. The addition of VG's allows this airfoil to operate at much 
higher AOA before separation occurs. Thick airfoils such as NACA 23024 tend 
to separate quickly over a large percentage of the blade chord for a small 
change In AOA. Figure 7(a) shows no separation at an AOA of 12.4®, and sepa- 
ration at an AOA of 14.4°. Indicated by the flat portion of the upper C p 
curve, separation Is shown occurring In the 14.4° AOA curve starting at the 
40 percent chord position. With VG's, however, the AOA Is greater than 20° 
before separation Is noticeable, as shown In figure 7(b). These figures are 
referred to later In this report In the subsection Comparison of Measured and 
Predicted C p Curves. 

Pressure coefficients measured on the rotating blade with and without 
VG's, together with calculated values of C s and Cf, are shown In figures 8 
to 10. The data acquisition was Initiated when strip chart recordings of wind 
velocity and machine output power Indicated that wind conditions were reason- 
ably stable. Data sets for three consecutive revolutions are shown In each 
figure to give an Indication of the amount of variation occurring from revolu- 
tion to revolution. The values of C p are plotted as a function of chord 
position with the downwind side (low pressure or suction side) shown on the 
left. (For clarity, symbols Indicating data points are not plotted.) The 
leading edge of the airfoil Is to the left, where the percent chord location 
equals zero. The C p scale Is located between the curves. A scale of 
rotor position Is on the right, In which a rotor position of 0° Indicates that 
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the Instrumented blade Is at the 6 o'clock position. Time Increases 
vertically. 

Changes In the spacing between the C p curves Indicate changes In the 
curve shapes. Areas where the curves are more closely spaced Indicate 
decreasing values of C p . Conversely, areas where the spacing between the 
curves becomes larger Indicate Increases In the C p values. Calculated 
values of C s and Cf for each curve are shown on the right side of the 
figure. The vertical position of the C s and Cf values gives the rotor 
position at which the pressures were measured, and can be used to locate the 
zero value for the C p scale for Individual curves. A positive value of C s 
produces torque In the direction of rotation and positive output power. A 
positive value of Cf produces a force perpendicular to the plane of rotation 
and In the direction of the tower. Average values of C s and Cf for the 
three revolutions are Indicated In each figure. (Note: For 1 m of span length 
at the measurement station, a C s value of 0.1 produces 21 kW, while a Cf 
value of 1.0 produces 3.8 kN of force bending the blade toward the tower.) 


Measurements on Blade Without Vortex Generators 

Plots of chordwlse pressure coefficients for the case when the blades were 
operating without VG's are shown In figure 8. The following Important observa- 
tions can be made: 

(1) At low wind speeds (l.e., low output power levels), the flow remains 
fully attached, as shown In figures 8(a) and (b). 

(2) Figures 8(c) and (d) present pressure data at a medium wind speed. In 
which the flow separates for a brief period and then quickly reattaches. The 
separation occurs at a rotor position of about 225°. 

(3) As the wind speed Increases further, separation occurs over more of a 
revolution, until the flow Is fully separated over an entire revolution, as 
shown In figure 8(e). 

(4) Unsteady flow effects are Indicated by local ripples that come and go 
In the C p curves at all wind speeds as the blade rotates. 

(5) The changes In spacing between the curves and the variation In C s 
and Cf values reflect the nonuniform spatial distribution of the wind 
velocity and/or direction. 

Figure 8(a) shows a set of data taken when the machine was producing 
470 kW. The cyclic variation In C s shown In the figure was a result of 
the rotor plane not being aligned perpendicular to the wind. Values of C s 
are generally negative, Indicating that the airfoil at this measurement 
station actually retards the rotation of the blade. One could conclude that, 
at larger radii, C s would also be negative, and therefore all output power 
was being produced by the Inner portion of the blade. Note that no separation 
occurred, and that cyclic changes In C s and some ripples In the C p curves 
were probably caused by wind velocity gradients and turbulence. 
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figure 8(b) shows data taken when the machine was producing 870 kW. The 
Cp distributions are well behaved, with a small amount of cyclic variation. 

The C s coefficients are all positive. Indicating the production of positive 
torque at this blade station. During a revolution, C s Is maximum when the 
blade Is In the top (180°) position. This would be expected, since the wind 
velocity tends to Increase as a function of height above ground because of wind 
shear. The machine appears to be aligned with the wind because the peak and 
minimum values of C s occur at approximately the 0° and 180° rotor positions. 
The average value of C s for three revolutions Is 0.069 compared with a value 
of -0.011 for the 470-kW-power case In figure 8(a). 

For figure 8(c), the output power was 1500 kW. This figure shows the flow 
separating at about the 225° location, with quick jumps from attached flow to 
separated flow and back to attached flow over a 30° to 40° Interval of rota- 
tion. The separation Is shown to cause a definite dropoff In the C s values. 
The cyclic variation In C s Is apparent, with the peak and minimum values 
occurring at the same rotor positions as shown In figure 8(b). The average 
value of C s has risen to 0.109 even though separation appears during each 
revolution. 

Figure 8(d) shows data taken when the output power was 2210 kW. The flow 
Is separated over a greater portion of each revolution, with C s showing a 
larger variation In values. The separation occurs when the rotor Is at the 
top (180°) position, and small but dlscernable changes In C s are shown as the 
rotor passes In front of the tower. The average C s has reached a value of 
0.118, which was the highest average value measured for the blade without VG's. 
Individual values are approaching 0.2, which Is significantly larger than the 
peak value of 0.149 for the wind tunnel data shown In figure 7(a). 

The output power Is 2470 kW for the data shown In figure 8(e). In this 
figure, the flow appears to be separated over almost all of each revolution. 

As the rotor approaches the 0° position, the flow apparently attaches briefly, 
with a corresponding Increase In C s . Here, large variations In C s result 
In large fluctuations In rotor torque generated at this blade station. The 
average C s has dropped to 0.046, which Indicates that most of the power Is 
being generated by the tip section. One would expect that If C s Is 0.046 
at this station. It would be less at smaller radii and would probably take on 
negative values near the hub. Even with separation occurring over most of the 
revolution, the value of C s Indicates the production of positive torque at 
this blade station. 

Measurements on Blade With Vortex Generators 

In figure 9 are plots of surface pressure coefficients for the case when 
VG's were Installed on the blade. It should be noted that the wind velocity 
required to produce a given output power level Is about 10 percent lower when 
VG's are Installed on the blade, and therefore It Is felt that comparison of 
C s coefficients with and without vortex generators Is not meaningful. The 
following general observations can be made: 

(1) The most significant observation Is that the VG's prevented flow 
separation at the 30-m radius for power levels up to 2570 kW. 
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(2) The Cc values changed In a somewhat cyclic manner with very little 
random fluctuations. 

(3) As with the results shown In figure 8, the local variations In the 
pressure coefficient curves were probably the results of small-scale turbulent 
fluctuations In the wind. The cyclic variation In C s was a result of varia- 
tion In the wind velocity with height. 

The output power was 440 kW for the data shown In figure 9(a). The values 
of C s show minimal cyclic variation with rotor position and average 0.04 
for the three revolutions. 

Figure 9(b) shows data taken when the machine was producing 1490 kW. The 
average value of C s Is 0.103. No separation appears In this figure, whereas 
figure 8(c) shows the start of separation for a similar power level without 
VG's. 


The data In figure 9(c) was recorded at a power output of 2470 kW. The 
average C s value Is 0.154, which Is more than three times the value for the 
data shown In figure 8(e) for approximately the same power level without VG's. 
Some dropoff In C s Is seen as the blade passes the tower. At the top (180°) 
position, C s reaches a peak value. 

Data are shown In figure 9(d) for the case when the power output was 
2570 kW. The average C s has reached 0.18, and the C p curves show no 
signs of separation. At this point, the blade tips were beginning to move to 
control power, and this resulted In an Increased discontinuity In the blade 
surface and a gap less than one chord length outboard of the pressure sensors. 
However, the VG's appear to be able to maintain attached flow In spite of the 
nearby discontinuity. 

A final set of data Is shown In figures 10(a) and (b), again for the case 
with VG's Installed. The output power for these figures was 2680 kW, with the 

tip section actively controlling machine power. The average C s In fig- 

ure 10(a) Is 0.27, which Is more than 2.3 times the maximum value calculated 
for any of the pressure data measured without VG's. Some separation Is shown 
to occur In figure 10(b). This was the only revolution In the data set In 
which separation occurred. Here again, this figure shows how quickly the flow 
separates and then reattaches. It also shows the sharp dropoff In C s , which 
Is a result of separation, changing from 0.3 to -0.05 while the rotor moves 
about 35°. This would be expected to Introduce a large change In torque force 
at this radius, and a corresponding change In output power. However, the 
change In output power would not necessarily be as abrupt as might be Inferred 

from this figure because of the Integration of torque forces from tip to tip 

of the rotor. 


Comparison of Measured and Predicted C p Curves 

Plots were made to see If any differences In shape of the C p curves were 
apparent for C p 's measured on the wind turbine and for those measured In wind 
tunnel tests. A set of typical C p curves measured at various conditions of 
output power and wind velocity are shown In figure 11. These curves were taken 
from the data sets shown In figures 8 and 9, with and without VG's, when the 
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blade was passing through the 270° (horizontal, descending) position. A com- 
parison of the curves In figures 11(a) and (b) with those In figures 7(a) 
and (b) reveals that the peak C p magnitudes measured on the wind turbine 
are significantly higher than any of those measured In the wind tunnel. 

For the case without VG's, shown In figures 7(a) and 11(a), the peak 
magnitude of C p has Increased from 3 to 4. This Increase In peak magnitude 
suggests that tne airfoil sections are operating unstalled at higher angles of 
attack than would be expected from wind tunnel data. This Implies that sepa- 
ration may be delayed as a result of the rotational flow field. As suggested 
In the Introduction, the effect of rotation could be considered to be similar 
to the effect of VG's, that Is, to delay separation and Increase the peak 
value of C p . 

Comparison of figures 8(b) and 11(b), without and with VG's, respectively 
shows an Increase In peak values measured on the wind turbine, but one of 
smaller magnitude. Here, too, the rotating flow field appears to delay separa 
tlon when VG's are Installed on a rotating blade. 

A second set of plots was made to determine how the wind turbine C p dls 
trlbutlons compared with wind tunnel C p distributions at various rotor 
powers. This was accomplished by first calculating the AOA at the 30-m span 
position as a function of rotor power, using the WIND-2 performance code. The 
AOA values thus found were used to choose the appropriate wind tunnel C p 
curves from figure 7, which theoretically produced the same rotor power for 
which measured C p data were available. Comparison plots for the data sets 
shown In figures 8 and 9 are shown In figures 12 and 13, which Include calcu- 
lated values of AOA and rotor power. 

For each of the power levels shown In figures 12 and 13, the curves for 
the measured wind turbine data are higher than the curves derived from wind 
tunnel data. The fact that the turbine C p coefficients are higher for a 
given rotor power than those predicted by using the performance code and wind 
tunnel data Implies that the wind velocity to produce the power Is lower. 
Therefore, the test performance Is better than predicted. 

In summary. It Is concluded that the three-dimensional flow field 
associated with a rotating wind turbine blade, by some mechanism as yet 
undefined, causes a change In the surface pressure distribution around the 
blade. This results In higher values of C s than would be predicted from 
performance codes that use two-dimensional lift and drag data measured In a 
wind tunnel. 


CONCLUDING REMARKS 

A set of data has been presented showing the chordwlse distribution of 
pressure coefficients measured on an operating Mod-2 wind turbine. Data were 
presented for blades with and without vortex generators (VG’s) mounted on the 
downwind surface. As expected, the vortex generators were shown to change the 
shape of the pressure coefficient curves by significantly Increasing the peak 
values and delaying separation. 


9 



Ihe data sets showed the flow rapidly separating and reattaching to the 
blade surface. The amount of time during each revolution that the flow was 
separated depended on the wind velocity gradient. The variation of suction 
and flap coefficients resulting from the flow separation was vividly Illus- 
trated. This rapidly changing suction coefficient would be expected to pro- 
duce rapid changes In rotor torque and power output. Similarly, the large 
changes In flap coefficient would be expected to produce fluctuations In the 
blade bending moments and corresponding cyclic changes In blade stress levels. 

A comparison of the measured pressure coefficient curves with those 
obtained from wind tunnels Indicated that the magnitude of peak values meas- 
ured on the wind turbine were significantly higher. This was true for both 
cases, with and without vortex generators. This Implies that separation Is 
being delayed because of the three-dimensional flow field associated with the 
rotating blade. The measured pressure coefficient distributions were also 
compared with those obtained from wind tunnel tests for equal power levels. 

This comparison showed that, at all power levels for which data were available, 
peak magnitudes of the measured pressure coefficients were higher than those 
which would be predicted from current performance codes and wind tunnel airfoil 
data. This suggests that the three-dimensional flow field Is changing the 
pressure distribution on the blade surface. This results In higher values of 
suction coefficient, and therefore more rotor power for a given wind condition 
than would be predicted. 
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APPENDIX DESCRIPTION OF MEASUREMENT SYSTEM 


The blade chord pressure measurement system was originally designed for 
and Installed on the DOE/NASA 100-kW Mod 0 wind turbine located near Sandusky, 
Ohio. The system was modified to meet the Installation constraints of the 
Mod-2 wind turbine. Figures 2 and 3 show schematic diagrams of the location 
of the system components on the Mod-2. In the following sections, a descrip- 
tion of the pneumatic system Is followed by a description of the data acquisi- 
tion and control system. The pneumatic system Includes the pressure belt, 
pressure transmission lines, purge valve, a 32-channel pressure sensor, and a 
pneumatic control module. The data acquisition and control system consists of 
a sensor control module, a decode module, and a microprocessor. 

Pneumatic System 

The pressures developed around the blade chord were sampled with a set of 
29 static pressure taps. The taps were 1.0 mm In diameter and were bored Into 
tubes with a tool similar to a cork borer. Ten tubes, 1.3-mm l.d. and 3.2-mm 
o.d., were molded together to form a ribbon. The pressure belt was made up of 
four ribbons, as shown In figure 14. The tubing downstream of a pressure tap 
was plugged with rubber sealant so that the pressure tap was effectively loca- 
ted at the end of a pressure transmission line. This plug also allowed a given 
tube In a ribbon to be used for two pressure taps, one on either side of the 
blade. 

Twenty-nine static pressure taps were bored In the belt starting where 
the chord line Intersects the leading edge and at 2.5, 5, 7.5, 10, 15, 20, 25, 
30, 40, 50, 60, 70, 80, and 90 percent chord stations on both the upwind (high 
pressure) and downwind (low pressure) sides of the blade. Two Inner ribbons 
In the belt contained the static taps, while the two outer ribbons were used 
to even out the flow over the belt. The ribbons were cemented to the blade 
with rubber sealant starting and ending at the trailing edge. The pressure 
transmission tubes were taped to the trailing edge and led over the downwind 
side of the blade and through the "D" hatch. Figure 3 shows a diagram of the 
tubing layout. The "D" hatch Is built Into the blade to allow access to the 
pitch control components for malntalnance purposes. Short lengths of stainless 
steel tubing were formed Into elbows and used to make the turns at the trail- 
ing edge. 

The response of the pressure tap connecting tubing and transducer to vary- 
ing pressure was determined by applying a step pressure change to a similar 
configuration and by recording the transducer output as a function of time. 

Tube lengths In this Installation varied between 2.5 and 5m. A typical 
response curve Is shown In figure 15. For a 2.5-m-long transmission tube, the 
response appears to be overdamped and can be considered as having a time con- 
stant of 0.025 sec. This corresponds to a 6.3 Hz corner frequency, at which 
the output amplitude for an Input sine wave would be reduced by 3 dB (70 per- 
cent). The data system sampled the pressures every 11° of rotor rotation so 
that no high-frequency fluctuations of pressure were seen directly In the 
recorded data. 

A total pressure was also recorded as part of the data and was measured 
with a shielded probe mounted on the upwind side at the 25 percent chord loca- 
tion. This probe was shown by calibration to be Insensitive to changes In 
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flow direction within +45® of Its nominal Installation direction. The relative 
position of this probe Is shown In figure 3. Two "constant pressures gener- 
ated In a sealed volume were also fed to the pressure sensor for a total of 32 
pressures measured by the system. Monitoring of the two constant pressures 
was used to verify system operation. 

A schematic diagram of the pneumatic connections between the purge valve 
and the pressure sensor components mounted on the "D" hatch Is shown In fig- 
ure 16. A diagram of the Internal valving for one of the 32 Inlet lines In 
each of these two components Is shown In figure 17. Operation of the slide 
valves was controlled by four Independent pressures. As shown In figure 17(a), 
pressurizing control line PI placed the purge valve slider In the normal oper- 
ating position with the Input port directly connected to the output port. 
Pressure on control line P2 switched the slider so that the Inlet port could 
be purged with dry air to remove accumulated moisture In the tubing. At the 
same time, the calibration port was connected to the outlet port. 

Figure 17(b) shows the valve arrangement for the pressure sensor. Pres- 
surizing line P3 on the sensor positioned Its slider so that the Inlet port 
connected directly to the Internal pressure transducer. Pressurizing line P4 
connected the calibration port to the transducer. As Indicated In figure 16, 
the calibration port on the sensor was externally connected to the reference 
port. Thus, when P4 was pressurized, the transducer zero could be measured 
while the machine was rotating. All 32 sensors had common reference and cali- 
bration ports. 

The four control lines, the purge line and calibration lines from the 
purge valve, and the reference line from the sensor were led through the Inside 
of the blade to the rotor hub. The static pressure In the open area of the 
hub was used as the reference pressure for the pressure sensor. Purge air and 
calibration pressures were supplied from the nacelle through temporary tube 
connections that were made only when the machine was shut down. A control 
pressure of 552 kN/m 2 (80 psl), supplied from a high-pressure gas bottle and 
regulator mounted In the hub, was used In this system. The control pressure 
was connected to the control lines through three-way valves, which were mounted 
In the hub and operated by the decode module described In the following 
section. 


Oata Acquisition and Control 

The pressure measuring device In the system was a commercial sensor that 
contained 32 miniature semiconductor strain-gauge transducers. It was built 
with an Internal electronic multiplexer that scanned the Individual trans- 
ducers. The output of the multiplexer was amplified to +5 V dc, full scale. 
The transducers measured the pressure difference between an Input pressure and 
a reference pressure. The transducers were ranged for 34.5 kN/m 2 (+5.00 psl) 
differential pressure, full scale. Each transducer was specified to have a 
maximum static error of 0.15 percent full scale, with a maximum thermal sen- 
sitivity and zero shift of +0.03 percent of full scale per degree Celsius. 
Electrical connections to the sensor Included five address lines for control- 
ling the multiplexer, the sensor output, and the power supply lines. 
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The sensor control module was designed to (1) set up the addressing for 
the mutllplexer, (2) digitize the sensor output, (3) temporarily store the 
digitized data, and (4) transmit the stored data to the microprocessor on 
request. The module operated In two separate modes: (1) a digitizing and 
storage mode, and (2) a transmit mode. 

A block diagram of the sensor control module configured In the digitizing 
and storage mode Is shown In figure 18(a). Sensor output was fed Into a 14-bit 
analog-to-dlgltal converter (A/0), the serial output of which was stored In a 
512-bit random access memory. A 4500-Hz free-running clock continuously Ini- 
tiated A/D conversions. Each transducer output was stored as a 16-bit word 
(14 bits from the A/D and 2 dummy bits). This design resulted In the continu- 
ous updating of memory with the most recent pressure measurements. At 
4500 sensors per second, the sensor control module scanned the 29 pressures on 
the belt In 6.4 msec, during which time the blade rotated 0.67°. 

The sensor control module switched to the data transmit mode after 
receiving a data request signal sent from the decode module. A diagram of the 
sensor control In the transmit mode Is shown In figure 18(b). When a data 
request was received, the sensor control module completed the digitizing and 
storage cycle It was In, and then switched to the transmit mode. The clock 
pulses were fed to the counter, the output of which addressed the memory. The 
data In memory were serially transmitted together with the clock signal and a 
clock-dlvlded-by-elght signal to the decode module In the hub. At a rate of 
4500 Hz, It took 0.106 sec to send the 512 bits to the decode module, during 
which time the blade moved 11.2°. It was this transmit time that limited the 
rate at which data could be recorded by this measurement system. After 512 
bits had been transmitted, the sensor control module switched back Into the 
digitizing and storage mode. 

A decode module located In the blade hub received the transmitted data 
and clock pulses from the sensor control module, converted them to RS-232 for- 
mat, and sent them to the microprocessor located In the control room. The 
decode module received commands by way of the RS-232 line from the microproces- 
sor and operated three-way valves that controlled pressures to the slide 
valves. The data request signal was also generated from the command In the 
decode module. 

The microprocessor was programmed to generate the command signals sent to 
the decode module. Along with the sensor data, the microprocessor digitized 
machine operating conditions such as output power, wind speed, rotor position, 
rotor speed, atmospheric pressure, and yaw error and added these variables to 
the sensor data. The microprocessor had sufficient memory to store 256 sets 
of data, after which the data were downloaded to a digital tape recorder. The 
digital cassette tapes were sent to NASA Lewis, where data were reduced to 
engineering units and analyzed. 
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FIGURE 1. - DOE/NASA MOD-2 2500-kW EXPERIMENTAL WIND TURBINE 
LOCATED NEAR GOLDENDALE, WASHINGTON. 
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TOTAL PRESSURE 
PROBE 



FIGURE 2. - SCHEMATIC DIAGRAM OF MOD-2 HIND TURBINE, SHOW- 
ING LOCATION OF PRESSURE SENSOR BELT AND TOTAL PRESSURE 
PROBE. 



FIGURE 3. - CLOSEUP SCHEMATIC VIEW OF PRESSURE BELT INSTALLATION, 
SHOWING DOWNWIND SIDE WITH TUBING LEADING INTO BLADE THROUGH "D 
HATCH. 
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PRESSURE COEFFICIENT, C D FLAPWISE COORDINATE, Y, PERCENT OF CHORD 


PRESSURE 



CHORDWISE COORDINATE, X, PERCENT OF CHORD 

FIGURE 4. - BLADE SURFACE COORDINATE SYSTEM, WHERE P IS 
STATIC PRESSURE AND i IS INDEX OF PRESSURE TAPS. 



(a) CHORDWISE DISTRIBUTION. AREA BETWEEN CURVES PROPOR- 
TIONAL TO FLAP COEFFICIENT. 



(b) FLAPWISE DISTRIBUTION. AREA (1) MINUS AREA (2) PRO- 
PORTIONAL TO SUCTION COEFFICIENT. 

FIGURE 5. - TYPICAL PRESSURE COEFFICIENTS MEASURED FOR 
MOD-2 WIND TURBINE AT 470 kW. 
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FIGURE 6. - VIEW OF LOW-PRESSURE SURFACE OF MOD-2 WIND TURBINE BLADE/ SHOWING ROW OF 
VORTEX GENERATORS NEAR LEADING EDGE. TIP SECTION IN FEATHERED (STOPPED) POSITION. 
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ANGLE OF SUCTION 



(a) WITHOUT VORTEX GENERATORS. 
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(b) WITH VORTEX GENERATORS, IN CONFIGURATION SHOWN IN 
FIGURE 6. 

FIGURE 7. - PRESSURE COEFFICIENTS MEASURED IN WIND TUNNEL 
ON NACA 2302M AIRFOIL (UNPUBLISHED DATA FROM BOEING 
AEROSPACE CORP.). 
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(C) 1500-kW POWER OUTPUT. 


FIGURE 8. - CONTINUED. 
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PRESSURE COEFFICIENT, C p 


BLADE POSITION, DEG 
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(d) 2210 -kW POWER OUTPUT. 
FIGURE 8. - CONTINUED. 
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(e) 2470 -kW POWER OUTPUT. 


FIGURE 8. - CONCLUDED. 
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(b) 1490-kW POWER OUTPUT. 
FIGURE 9. - CONTINUED, 
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(d> 2570-KW POWER OUTPUT. 
FIGURE 9. - CONCLUDED. 
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(a) 2680-kW POWER OUTPUT, WITHOUT SEPARATION. 

FIGURE 10. - PRESSURE, SUCTION, AND FLAP COEFFICIENTS MEASURED ON MOD-2 WIND TURBINE BLADE WITH VORTEX GENERATORS INSTALLED AND WITH BLADE 
TIP MOVING TO CONTROL POWER. 
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Cb) 2680 -kW POWER, WITH SEPARATION. 
FIGURE 10. - CONCLUDED. 




PRESSURE COEFFICIENT, 



(a) WITHOUT VORTEX GENERATORS. 



I 1 I I l 

0 25 50 75 100 


CHORDWISE COEFFICIENT, X, PERCENT OF CHORD 
(b) WITH VORTEX GENERATORS INSTALLED. 

FIGURE 11. - TYPICAL CHORDWISE DISTRIBUTIONS OF PRESSURE 
COEFFICIENTS MEASURED ON MOD-2 WIND TURBINE BLADE AT 
270° (HORIZONTAL, DESCENDING) POSITION, AT VARIOUS 
POWER LEVELS. 



(b) 870 -kW POWER OUTPUT. 


FIGURE 12. - COMPARISON OF WIND TURBINE AND WIND TUNNEL 
PRESSURE COEFFICIENTS, WITHOUT VORTEX GENERATORS. 
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(d) 2210 -kW POWER OUTPUT. 


(b) 1490 -kW POWER OUTPUT. 


FIGURE 12. - CONCLUDED. 


FIGURE 13. - COMPARISON OF WIND TURBINE AND WIND TUNNEL 
PRESSURE COEFFICIENTS WITH VORTEX GENERATORS INSTALLED. 
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(a) MOLDED RUBBER RIBBON CONTAINING 10 PRESSURE TUBES 
(3.2-mm O.D., 1.3-MM I.D.). 



(b) PRESSURE BELT CONSISTING OF FOUR RIBBONS. 
FIGURE 14. - CONFIGURATION OF PRESSURE BELT. 



(b) 2.5 -m TUBE, SHOWING OVERDAMPED RESPONSE WITH 
TIME CONSTANT OF APPROXIMATELY 0.025 sec. 

FIGURE 15. - RESPONSE OF PRESSURE TAP/TUBING/SENSOR SYSTEM 
TO STEP CHANGE IN PRESSURE. 


FROM BELT 



FIGURE 16. - SCHEMATIC DIAGRAM OF PNEUMATIC COMPONENTS MOUNTED ON 
”D" HATCH. 


32 



PRESSURE IN 



(a) PURGE VALVE (FOUR-MAY SLIDE VALVE). 


PRESSURE IN 



REFERENCE PRESSURE CONTROL LINES 

(b) PRESSURE SENSOR (THREE-WAY SLIDE VALVE). 



(a) DIGITIZING AND STORAGE MODE. 



CLOCK 

CLOCK/8 


SERIAL 

DATA 


(b) TRANSMIT MODE. 


FIGURE 17. - INTERNAL VALVE ARRANGEMENT IN PURGE VALVE AND FIGURE 18. - BLOCK DIAGRAM OF SENSOR CONTROL MODULE. 

PRESSURE SENSOR. 
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